for final genome reconstruction and linkage mapping. In vertebrates and flowering plants, mitotic karyotypes are often easy to obtain and are therefore well-characterised and readily available as a basis for molecular research. In animal groups with lower DNA content and numerous chromosomes, however, like butterflies and moths (Lepidoptera), karyotyping is more difficult and data are scarcer. For the majority of butterflies and moths, only chromosome counts from male metaphase I have been published. To facilitate the assembly of linkage groups and indeed chromosomes, we describe and update the descriptions of the karyotypes from 3 model butterflies: the Glanville fritillary Melitaea cinxia , the monarch Danaus plexippus , and the African queen D. chrysippus .
We specifically examine the behaviour of the sex chromosomes as they often pose problems in genome assembly. Like in birds, it is the female sex that is heterogametic in Lepidoptera. The sex chromosome constitution in lepidopteran females is mostly WZ, but Z0 systems and systems with multiple sex chromosomes like W 1 W 2 Z, WZ 1 Z 2 , and up to W 1-3 Z 1-6 do occur [Sahara et al., 2012; Šíchová et al., 2016] . The constitution of the homogametic males is ZZ, or occasionally Z 1 Z 1 Z 2 Z 2 . The W chromosome is heterochromatic in somatic cells of most Lepidoptera [Traut and Marec, 1996] . Like the Y chromosome in mammals, it is rich in repetitive sequences [Traut et al., 2013] . Genome projects, therefore, usually omit the W chromosomes by sequencing male genomes in Lepidoptera, as the repetitive W chromosome is too difficult to assemble. We show here that, at the present stage, combined efforts in karyotype and genome analysis reveal a sequence of sex chromosome evolution events in Danaus species, starting with a hypothetical common ancestor which like M. cinxia has the basic lepidopteran chromosome number of n = 31.
Materials and Methods
Animals M. cinxia larvae and pupae were from broods kept at the Lammi biological station of the University of Helsinki (Lammi, Finland) [Ojanen et al., 2013] . The broods were founded by larvae from the Åland Islands, Finland. D. plexippus pupae were provided by butterfly farms (Stratford-upon-Avon Butterfly Farm, UK, and Vlinders Paradijs, Havelte, The Netherlands) and came originally from Costa Rica. D. chrysippus sources were broods from Southeast Asia, supplied by Michael Boppré (Freiburg, Germany), from Israel, supplied by Dubi Benyamini (Tel Aviv, Israel), and from various places in Africa, bred by Steve Collins (Nairobi, Kenya), I.J.G., and D.A.S.S.
Cytogenetic Preparations
Malpighian tubules were fixed for a few seconds in methanol:acetic acid (3: 1) and stained and mounted in lactic acetic orcein.
Male metaphase I chromosomes were prepared from spermatogenic cysts of last instar larvae and early pupae. Fixation with Carnoy fluid (ethanol:chloroform:acetic acid, 6: 3:1) or methanol:acetic acid (3: 1) was followed by transfer to slides, a short exposure ( ∼ 10 s) to 60% acetic acid, air drying, and staining with either lactic acetic orcein or DAPI.
Pachytene preparations were done as described in Traut [1976] with a few modifications. In brief, ovary anlagen from larvae or tips of ovarioles dissected from pupae and adults were fixed in Carnoy, transferred to a drop of 60% acetic acid on a slide, and minced with sharp tungsten needles. On a heating plate (50-60 ° C), the drop was moved around by tilting the slide and discarded after no more than 30 s. Chromosomes were stained with DAPI and mounted in Antifade (0.233 g 1,4-diazabicyclo(2,2,2)octane, 1 ml 0.2 M TrisHCl, pH 8.0, and 9 ml glycerol).
Telomere FISH was performed with an insect-specific telomere probe, (TTAGG) n , produced by template-free PCR (primers: TAGGTTAGGTTAGGTTAGGT and CTAACCTAACCTAA-CCTAAC) according to Sahara et al. [1999] and labelled with Orange-dUTP. Hybridisation was performed for 2 days at 37 ° C in a hybridisation mix (12 μl/slide) containing ∼ 10 ng probe DNA, 2.5 μg salmon sperm DNA, 6 μL deionised formamide, and 6 μL 20% dextran sulphate in 4× SSC. Stringent washes in 0.1× SSC/1% Triton X100 at 62 ° C were followed by staining in DAPI and mounting in Antifade.
Representation Analysis
Libraries of 250-bp Illumina reads from D. chrysippus were screened with protein queries (online suppl. 
Results

Melitaea cinxia
The chromosome number n = 31 was originally described by Federley [1938] from metaphase I of oocytes. We confirm this chromosome number from both male metaphases I and II ( Fig. 1 a, b) and from female pachytene ( Fig. 1 c) . It is the supposed basic chromosome number in Lepidoptera [Suomalainen, 1969; Ahola et al., 2014] . The pachytene bivalents vary little in length distribution, the shortest and longest bivalents differing by no more than a factor of ∼ 2. They display patterns of chromomeres and interchromomeres and terminate in (TTAGG) n telomeres which are the conventional type of telomeres in most insect groups [Sahara et al., 1999; Vitkova et al., 2005] . The WZ bivalent is conspicuous among the bivalents. Only one of the partner chromosomes, the presumed Z, displays an autosome-like chromomere-interchromomere pattern, while the other one, the presumed W, is heterochromatic with condensed chromatin, highly fluorescent in DAPI-stained preparations ( Fig. 1 c, WZ) . Depending on the stage, the W chromosome is stretched and either pairs quasi-normally with the Z chromosome ( Fig. 2 a) or is more or less condensed ( Fig. 2 b, c) or even collapsed to a ball with the Z chromosome coiled around the ball ( Fig. 2 d) . In polyploid somatic cells, such as those from malpighian tubules, the W chromosome forms a sex-specific hetero- chromatin body, which is present in females but absent in males ( Fig. 3 ) . The genome of M. cinxia has been successfully assembled to scaffolds that have been assigned to 31 chromosomes [Ahola et al., 2014] and is available at EnsemblMetazoa (http://metazoa.ensembl.org/). It has been established from males. Hence, the W is not included. BLASTN searches with an insect telomere query, (TTAGG) 30 , did not find any matching sequence of that size in the scaffolds. Only a short stretch of (TTAGG) 5 turned up in the search. This means that the scaffolds of the present version have not yet reached the chromosome ends, probably due to the high content of repeats in subtelomeric regions.
Danaus plexippus
The chromosome number n = 30 was originally published by Rao and Murty [1975] , but in a preprint publication, Hamm [2017] claims that the Indian species investigated by Rao and Murty [1975] is in fact D. genutia , whereas D. plexippus from Kansas, USA, has a different chromosome number, n = 28. In another preprint publication, Mongue et al. [2016] find a haploid chromosome number of n = 30 in D. plexippus . Our counts from male metaphase I and female pachytene clearly give n = 30 for D. plexippus from Costa Rica ( Fig. 4 ). Racial differences in chromosome numbers are well-known, but the data from Kansas should be reconfirmed.
The 29 autosomal bivalents are inconspicuous in the female pachytene and post-pachytene stages, while the WZ bivalent is quite conspicuous, having a heterochromatic W chromosome and an autosome-like Z chromosome. Telomeres are of the insect-type (TTAGG) n ( Fig. 4 , 5 ) . Bivalent lengths in the pachytene stage appear in a smoothly graded series; the longest and shortest bivalents differ by a factor of ∼ 2. The W chromosome consists of 2 segments, a longer one with strong and a shorter one with inconspicuous DAPI fluorescence ( Fig. 4 b,  5 a) or is condensed to an oblong mass in pachytene ( Fig. 5 b) . In post-pachytene, the W chromosome appears to be resolved into a chain of condensed beads ( Fig. 5 c, d ). Somatic cells display typical sex chromatin which forms a single large female-specific heterochromatin body in the highly polyploid cells of malpighian tubules ( Fig. 6 ) .
The D. plexippus genome was published by Zhan et al. [2011] and is publicly available at MonarchBase (http:// monarchbase.umassmed.edu/). In contrast to M. cinxia , females were used to produce the sequencing libraries. Therefore, the database should also contain W chromosomal scaffolds. However, scaffolds have not yet been assigned to chromosomes. Like in M. cinxia , telomeres are not included in the scaffolds; only 3 very short stretches of (TTAGG) n have been detected by BLASTN searches somewhere within the scaffolds. 
Danaus chrysippus
Here, we confirm that the chromosome number for D. chrysippus is also n = 30 [de Lesse and Condamin, 1962; Gupta, 1964; Smith et al., 2016] for males from Southeast Asia, Israel, Ghana, Watamu (Kenya), and Kitengela (Kenya) (examples shown in Fig. 7 a, b) . Both females and males of the subspecies D. c. dorippus from Watamu (Kenya) as well as of the subspecies D. c. chrysippus from Israel have 30 bivalents. Pachytene complements show all 30 bivalents with a chromomere-interchromomere pattern and insect-type telomeres ( Fig. 7 c) . There are no abrupt length differences, the shortest and longest bivalents differ by a factor of ∼ 2.5. The W chromosome is not visibly heterochromatic, the WZ bivalent could not be identified. Even comparative genomic hybridisation with differently coloured female and male whole-genome probes did not reveal the W chromosome (not shown). Cell nuclei from malpighian tubules contained small heterochromatic bodies in both sexes ( Fig. 8 ) . None could be safely associated with the female sex alone. Similar cases had been found in other Lepidoptera species [Traut and Marec, 1996] . The heterochomatin bodies were probably formed by aggregation of small autosomal heterochromatic segments in these highly polyploid nuclei.
Females from a population at Kitengela (near Nairobi in Kenya) form a special case. The population is part of a large hybrid zone between the subspecies D. c. dorippus and D. c. chrysippus . Females from this population display a sex chromosome trivalent, neoW/Z 1 Z 2 , besides 28 bivalents in meiosis and are infected with a male-killing bacterium, Spiroplasma ixodetis [Smith et al., 2016] . The neoW is interpreted as the result of a fusion between the original W chromosome and an autosome, carrying the phenotypically defined wing colour gene C [Smith et al., 2010] . We show here the trivalents formed in pachytene complements ( Fig. 9 ) . The 2 parts of the neoW chromosome can be distinguished by their pairing with the shorter Z 1 and the longer Z 2 and by a different chromomere pattern. Z 2 is considered to be the former autosome; the chromomere patterns of Z 2 and the respective part of the neoW are largely similar and, therefore, suggest a relatively short span of divergent evolution. The pattern of Z 1 , however, is very different from that of the neoW segment paired with it. They are probably the original Z and W chromosomes which have spent a long history of divergent evolution. The genomes of 2 D. chrysippus females (Watamu and Kitengela populations) and a male (Watamu population) were sequenced. Scaffolds have not yet been assigned to chromosomes. Only few scaffolds >1 kb in size contained >100-bp-long stretches of telomere sequence at their ends, indicating true telomere regions (5 in Kitengela female, 6 in Watamu female, and 4 in Watamu male). The expectation was much higher: 60 in the Watamu male (both ends of Z and 29 autosomes) and 62 in the Watamu female (both ends of W, Z, and 29 autosomes) and in the Kitengela female (both ends of neoW, Z 1 , Z 2 , and 28 autosomes).
We made use of the read libraries for a representation analysis of protein-coding genes. As probes, we selected B. mori protein sequences which had formerly been used by Sahara et al. [2013] and Van't Hof et al. [2013] for demonstrating conserved synteny of chromosomes from Helicoverpa armigera and Biston betularia , respectively, with chromosomes of B. mori . Coverage of genes from all but one autosome was about the same in female and male libraries, the female/male ratio equalling ∼ 1.0. Female/ male ratios of Z chromosomal genes and chromosome 16 genes of B. mori , in contrast, were equal to ∼ 0.5 (online suppl. Table 1 ). This shows that the chromosome 16 homologue in D. chrysippus like the Z chromosome is present in only 1 copy in females but in 2 copies in males. It is either a second Z chromosome or fused to the original Z chromosome ( Fig. 10 , alternative intermediate and hypothetical intermediate). Both, female and male karyotypes in nonhybrid populations of D. chrysippus consist of 30 bivalents in meiosis (see Fig. 7 ) . Therefore, the presence of 2 Z chromosomes can be excluded. The D. chrysippus Z chromosome is apparently composed of 2 moieties, one with conserved synteny to the Z chromosome of other lepidopteran species and the other with conserved synteny to M. cinxia chromosome 21, B. mori , H. armigera , B. betularia chromosome 16, and H. melpomene chromosome 2 ( Fig. 10 , D. plexippus , D. chrysippus (Watamu); Table 1 ). In a similar approach, representation of scaffolds in read libraries, with other species of Danaus, Mongue et al. [2016] suggested a fusion event in an ancestor of the genus as the chromosome number of Danaus species is n = 30, one less than the supposed basic number in Lepidoptera, n = 31 [Suomalainen, 1969; Ahola et al., 2014] .
The W chromosome presents a theoretical problem if the postulated Z-A fusion has indeed occurred in some ancestor of Danaus . In that case, we should have expected a W 1 W 2 /neoZ sex chromosome constitution as a result of the fusion ( Fig. 10 , hypothetical A more recent fusion event (the W chromosome fused to an autosome) in the hybrid population of D. chrysippus at Kitengela, however, evidently produced a second Z chromosome (see Fig. 9 , 10 , D. chrysippus (Kitengela)). Our representation analysis did not identify the source of the second Z chromosome, the one carrying the otherwise autosomal C locus. Coverage ratios of genes from Kitengela and Watamu females were similar for all chromosomes (online suppl. Table 1 ). Presumably, the W-autosome fusion was a phylogenetically rather recent event. Genes in the fused autosome, therefore, did not change or decay sufficiently yet to affect the representation analysis.
Discussion
Sequencing and electronically annotating a genome is no longer a difficult job, as one can see from the growing numbers of draft genomes, e.g., in LepBase (http://lepbase.org). Knowledge of the karyotype as the framework for these molecular data, however, is often incomplete or missing. Worse still, even though butterflies are large and charismatic, specimens have even been misidentified leading to further confusion around cytogenetics and genomics. Without this precise interrelationship between taxonomy, cytogenetics, and genomics, we will end up with numerous draft genomes whose contigs and scaffolds bear no relationship to proper linkage maps or the chromosomes with which they are associated. This paper, therefore, attempts to tie down the karyotypes for 3 key nymphalid genomes which, we hope, will then act as models for further butterfly genomics.
Besides these general issues of taxonomy and cytogenetics, there are at least 2 problematic chromosomal regions for Lepidoptera genomics: chromosome ends and W sex chromosomes. As we show here, chromosome ends are rarely represented or are indeed totally missing in scaffold libraries, probably due to the repetitive nature of subtelomeric regions and telomeres. These problems will, however, presumably be solved soon, when long reads as those from PacBio or Nanopore sequencing come into more general use. On the other hand, centromere regions, which are a problem, e.g., in vertebrates, appear not to be critical for the assembly of Lepidoptera genomes, probably owing to the largely holocentric nature of Lepidoptera chromosomes [Wolf, 1996] . W chromosomes pose a substantial problem for DNA sequence assembly. They are usually heterochromatic and highly repetitive in Lepidoptera [Traut and Marec, 1996; Sahara et al., 2012] . To this end, the W chromosomes of neither M. cinxia nor B. mori have been assembled to date [Mita et al., 2004; Xia et al., 2004; Ahola et al., 2014] . In fact, because of the expected problems with high W repeat content, often only male butterfly genomes are sequenced. The W chromosome of the meal moth, Ephestia kuehniella , was isolated by microdissection and subjected to high-throughput sequencing, but no anchor genes were found, and the assembly produced only short 
